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SUMMARY

Theexperimentalinvestigationof dampingscreensdescribedherefn
wasundertakenprimarilyto testi%eoriesoftheeffectsof damping
screenssmdtoobtaininformationontheperformanceof screensin
obliqueflow.Dataonnormal-andtangential-forcecoefficientsare
givenfora varietyof square-meshscreens.Dsmpingtheoriesare
reviewedandperformanceis comparedwiththeory.Thecharacteristics
investigatedincludethedsmpingof longitudinalandlateralcomponents
ofturbulence,theeffectof screenson scale,theconditionsforthe
productionofturbulenceandeddiesby screens,andthedampingof
spatialvariationsofmeanspeed.

p

INTRODIETEON
*

Withinthelastdecadescreenshavefoundever-increasingusein
windtunnelsto reduceturbulence.M theresult,theturbulencein
manymodernwindtunnelshasbeenreducedtolevelsunlmown10years
ago. Alongwiththeattainmentoflowturbulencecametherecognition
thatlowturbulencewasa necessityformanywind-tunnelinvestigations.
Muchimportanceisthereforeattachedtotheikupingscreen,andas
muchaspossibleshouldbe knownaboutitscharacteristics.

Inearliertimes,infactdatingfromsomeoftheearliestwind
tunnels,screenswereusedto reducedifferencesinmeanspeedin
orderto obtaina moreunifomnstream.Prandtl(reference1) a~pears
tohavebeenthefirstto obtainan expressionforthereductionof
thesedifferencesintermsof a coefficient,nowcommonlybown as the
pressure-dropcoefficient.Collar(reference2) obtaineda different
expressionforthereductionof differencesinmeanspeedinvolving
thiscoefficientandshowingfairagreementwithhisexperimental
results.

9
lPaperpresentedinpartattheSeventhInternationalCongressfor

AppliedMechanics,London,September5-11,1948.*
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A fewyearsago‘l!qylorpointedoutthatthereisnotonlya change
inpressurebutalsoa changeindirectionifa stresmpassesthrough
a screenobliquely.Basedonthesetwoeffect~,a generaltheoryof
dampinghasrecentlybeendevelopedby TaylorandBatchelor
(reference3) whichmaybe ~pliedtothedampingofturbulence
433wellas to thedampingofmeanspatialdifferencesinvelocity.

In1940a systematicinvestigation.of thedampingofturbulence
wasconductedat theNationalBureauofStandards(referenceh).
Screensconsistingofvariouswirediametersandvariousnumbersof
wiresperinchwereplacedindifferentiumbersinthesettling
chamberofthetunnelshowninfigure1, andturbulencemeasurements
weremadeinthetestsection.A simpletheory,involvingonlythe
pressure-dropcoefficientofa screen,wasproposedontheassumption
thata screenreducedtheenergyofturbulenceirrespectiveofthe
distributionof theenergbetweenlongitudinalandlateralcomponents.
Thistheorywasingoodagreementwiththeexperimentalresults.

ThetheoryofTaylorandBatchelordealswithlongitudinaland
lateralcomponentsof theturbulenceseparatelyandpredictsa
significantlygreaterreductionInthelongitudinalcon!ponentthan
inthelateralcomponent.Theabsenceof suchseparateeffectsin
the1940resultsdoesnotnecessarilydisprovethetheory.Taylor
haspointedoutthat+rrbulencemaybecomeisotropicveryquickly,
andsuchdifferences,ifiheydidexist,maynothavebeenfound
becausemeasurementswerenotmadesufficientlynearthescreen.
Mostof themeasurementsweremadeinthetestsectionof’thetunnel
about18feetfromthenearestscreen,andtherewasinadditiona
contractionofthestreamWth a possibleeffectontherelative
magnitudeof thecomponentsof thefluctuations.

Itwasdecided,therefore,to conductanotherexperimental
investigationon dampingscreens,thistimeavoidinga contraction
andmakingmeasurementsasnearaspossibletothedownstreamside
ofthescreen.To obtaintheinformationneededto applythetheory,
itwasnecessarytomeasurethenormal-andtangential-force
coefficientsforallofthescreensusedInthedampingtests.
FollowingTaylor’soriginalobservationthata streammeetinga
screenat someangleto thenormalwasdeflectedtowardthenormal
onpassingthrough,an investigationof thiseffectwasmadeby Simmons
andCowdrey(reference5). Itwasfeltthattheeffectwasof suffi-
cientimportanceto justifyfurtherstudyhere.

TheinvestigationwassuggestedbyDr.HughL.Dryden,following
correspondenceon thissubjectwithSirGeoffreyTaylor,andwas
conductedunderthesponsorshipandwiththefinancialassistanceof
theNationalAdvisoryCommitteeforAeronautics.

●
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a Theauthorswishtoexpresstheirappreciationoftheassistance
andmanyhelpfulsuggestionsgivenby Dr.IkydenandSirGeoffrey
Tsylor.AcknowleQgnentise&endedtoMissZulimeW. Diehlsmd

* Messrs.I.A.KenersonjM. J.Noble,andWillismSquirewhoassisted
incarryingouttheexperimentalprogram.

SYMBOLS

fu

B f~

G fu~

K
●

Fe

meanveloci~averagedoverttie

meanveloci@averagedovertimeandspace

root-mean-squarevalueoflongitudinalturbulence
fluctuations

root-mean-squarevalueoflateralturbulence
fluctuations

reductionfactorfor u’

reductionfactorfor v’

reductionfactorwithno distinctionbetweendamping
of u’ snd V’

reductionfactorforspatialvariationsinmeanspeed

reductionfactorforspatialvariationsinmeandirection

angleof flowincidencemeasuredfromnormalto screen

angleof flowexit measuredfromnormalto screen

deflectionat screen

Mmitingvalueof @/f3as 8 approacheszero

pressure-dropcoefficientwhensingleof incidenceis 8
andangleofexitis @

pressure-dropcoefficientwhen t)= O

tangential-forcecoefficientwhenamgleof.incidenceis El
andsingleof exitis @

.
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pressuredropacross

dragofwireforming

screeriwirediameter

screen

onesideof square’mesh

numberofwiresperfootin screen

airdensity

kinematicviscosity

Reynoldsnumber(Ud/V)

frequency

correlationcoefficientforlongitudinalfluctuations
at twopointssepamtedby lateraldistancey

integralscaleof?turbulencebasedon ~

SCREENCOEFFICIENTS

Sinceflowthrougha screencantakeplaceonlyin thespaces
betweenwires,theresistanceofferedby a screendependsonits
solidity,definedastheratioof’closedareato totalarea. The
resistanceisusuallyexpressedintermsof thepressuredrop
occurringwhena screenisina ductwithitsplaneperpendicular
totheflow,andtheexpressioncomnonlyusedis

(1)

where K isa pressure-dropcoefficientdependingon thesolidl~of
the-screenandtheReynoldsnumber.

Tsylorhasrecentlypointedoutthata streamwhichapproachesa
screenat someangletothenormalwillbe deflectedtowardthenormal
onpassingthrough.If’8 istheangleof incidence,measuredfrom
thenormal,and @ isthecorrespondingangleof exitfromthescreen,
itisfoundthat # islessthan 8. Sincethisdeflectingphenomenon
isnowrecognizedasan importaut~haracteristicofa screen,itbecomes *

“
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desirableto specifytheassociatedtangential-forcecoefficientFe.
Thisisgivenbythefollowingequation,derivedinreference3 by
consideringthechangeinmomentumacrossthescreen:

(2)

Undertheseconditionsthepressure-dropcoefficientwillalso
dependon G. It isagaingivenbyequation(1)whereitwillbe
denotedby @ whenthevelocityU makestheangle 6 tothe
normalon theupstreamsideandthestresmleavesthescreenat the
anglefl.Foran arbitraryangle(3,therearethenboththenormal-
andtangential-forcecoefficients,designatedby IQ and Fe, where
botharefunctionsof e aswellas of thesolidi~andReynolds
nuniber.

Both Fe and ~ weredeterMnedforthescreenslistedin
table1. Thesetupusedisshowndiagrammaticallyinfiguxe2(c).
Themeasurementsweremadeattheendof a 12-inch-squsreduct
dischargingintofreeair,theendof theductbeingcutoff
successivelyat variousangles,correspondingto e, andthe
variousscreensbeingplacedovertheendoftheduct.Precautions
weretakento securea uniformvelocitydistributionupstresmfrom
thescreenwiththinboundarylayers.Ssmpletraversesimmediately
upstreamfromtheductexitareshowninfigure2(a).Various
airspeedswereusedup to a maximumof40 feetpersecond.

To determine~, bothstaticanddynsmicpressureswere
measuredupstresm,andthestaticpres-e wasmeasureddownstream
fromthescreenatthemidpoint.A standardpitot-statictubewas
usedforthispurpose,carebehg takento kee~thetubealinedwith
thestream.To determineFe, thedirectionofthestreamwas
measuredonthetwosidesofthescreenbymeansof individualsilk
fibersfrom2 to 3 incheslongspacedat intervalsof 1 inchonwires
runningparallelto thescreenonboththeupstreamanddownstream
faces.Forobservingtheupstresmfibersthetopoftheductwasmade
oftransparentmaterial.The,directionoftheindividual.fiberswas
measuredwitha vernierprotractorandstraightedge,theprotractor
beingreadto thenearest1/4°.Parallaxwasavoidedby theuseof
a mirroronthebottomof theduct.Fortheevaluationof 13
and # theaveragesofthesngularreadingsof the10 fibers
nesrestthecenterwereused. Then Fe wascalculatedlyequation(2).
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Thesameprocedwewasrepeatedatvariouswindspeedsand.various
anglesrangingfrom0°to 45°. Fora givenscreenallmeasurementsto
determine~ and Fe weremadeonthesame-sample.

Theresults areshowninfigures3 and4. Figure3,
showing~/cos2f3plottedagainstR cos0, wasfoundtoafford
thebestapproximationto singlecurvesforallvaluesof 6, and
thereforetorepresentmostcloselythedependenceon angle.This
meansthatthepressuredropdependson thenormslcomponentof flow
througha screeneventhoughtheflowapproacheswiththeangle 19
andleaveswiththeangle@. Therewas,of course,nomeasurement
of thedirectionattheimmediateplaneofthescreen.

ScreensG andH weretwossmplesfromthesamestockgiving
differentresults.Theonlyknowndifferencewasthatonesample
wasrotatedinitsplane900fromtheotherduringtesting.Since
thisobviouslycannotaccountforthedifferencein ~ when 6 = O,
itisconcludedthattheaveragesolidityof thetwossmpleswas
different.Thisparticularscreenwasnotof.precisionmanufacture,
buttherewerenomarkedirregularitiesinwirespacing.

Infigure4, Fe/e isplottedagainst~. Itwillhe noted
thattherearesomedifferencesbetweenscreensbutthat-thevalues
foranyonescreenareessentiallyindependent-ofe, As shownin
reference3, a relationbetweenFe/f3and IQ istobe expected.
Thereasoningisas follows:

Supposethescreentohave N wiresperfoot;andlet D be the
dragofthewirefofmingonesideofa squaremesh. Furthe~suppose
thedragtobe independentof theanglebetweenthesxisofthewire
andthe-winddirection.Assumealsothat-theinduceddeflectionat
thescreenisequaltoone-halfthefinaldeflection.Thedeflection
atthescreenisthengivenby 5 = (E3- @)/2, andtheangleat the
wiresis -e - 8. Iftheshieldingof onewire+by anotheratpoints
of intersectionisneglected,thefollowingrelationsmaybe written:

ND sin(0- 8) = ~U2Fe (3)

d

w

‘4

e

mc08(e-5)+m=1 p% (4)
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Eence

F~=~sin(6-5)
1+ COS(6-5)

Introducing8 intoequation(2),

F* = 2 cosE3sin25
Cos(e- 25)

Bymesasof equations(5) and(6) it isfoundthatthereisa
relationbetweenFe/e and IQ dependingsomewhaton 8. If e
and @ aresmall,eqyations(5)and(6) reduceto

Fe 4K4
r==

It ispointedoutthatequation(4)gives. ..-

(5)

(6)

(7)

whereasfigure3 showsthemorenearlycorrectrelationtobe

%—= f(RCOSe)
cod%’

Thismeansthattheassumptionsusedinequation(4)areincorrect.
Obviouslytheymustbe verycrudeexceptwhenthesolidityapproaches
zero. Theshortcomingsoftheassumptionsprobablybecomeless
seriousas @ approacheszero;therefore,equation(7)maybe
fairlyaccuratewhenthesoli~tyislow.- -

The
shownin

curveobtained
thisfigureis

by relation(7) isshown
theempiricalrelation

in figure4. Also

(8)



8 NACATN 2001

obtainedby TaylorandBatchelorinreference3 onthebasisof
NBSdatasuppliedtothem. Iti.sbelievedthatequation(~)affords
a reasonably

Mostof
placedat an
measurements
angleof45°

accurateworkingformulafortherange o.7<K @4.

themeasurementsweremadewithonesetof screenwires
angleto thestresmequalto thecomplementof G. A few
madeafterrotatingthescreeninitsplanethroughan
showedno significantchange.

Whentheforegoingcoefficientsareassociatedwiththedamping
actionofa screen,itis sufficientto considerl~ting values
as 8 approacheszero,becauseof thefactthattheflowisassumed
to deviatelittlefrcmnormalincidence.Thustheappropriatevalue
of”Kg isthevaluewhen 6 = 0, whichisdenotedbyK. Denoting
thelimitingvalueof #/(las e approacheszeroby a, equation(2)-,
maybewritten

By equations(8)and(9) the
becomes

Fe
—=2(1-a)e (9)

empiricalrelationbetweena and K

“’ii% (lo)

Itmustbe remmiberedthattheforegoingcoefficientsandthe
relationsbetweenthemapplyonlyto screenswovenfromroundwires
andhavingthesame,ornearlythesame,nuniberofwiresintwo
perpendicularMrections.

DAMI?INGFORMULAS

Theamountofturbulenceata givenpointina streamis
exyressedintermsof theroot-mean-squarevalueofthevelocity
fluctuationsatthatpoint.Itiscustomarytomeasurethelongi-
tudinalandlateralcomponentsofthefluctuationsseparately,these
beingdenotedbyq’ and V’,. respectively,andthecorresponding
intensitiesby u’/U and v’/U. Thus,
relative-speedvariations,and v’/u is
variations.

Thedsapingproducedby a screenis
theintensityfoundafterthestresmhas

u’/U isa measureofthe
a measureof directional

expressedastheratioof
passedthroughthescreento

*

.
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-a theintensityat thesamepointintheabsenceof thescreen.This
ratioiscalleda reductionfactorandisdenotedby f with
appropriatesubscriptsto distinguishbetweenlongitudinaland

- lateraldamping.Thus:

9

wherethesubscript2
theflowafterpassing

f~= (u’/u)~/(u’/u)~

fv= (v’/u)4qu)l

referstotheintensityata givenpointin
througha screen,andthesubscript1— — — —

refersto theintensityatthewanepointwiththescreenabsent.

Whenthedampingof steadyspatialvariationsisbeingconsidered,
reductionfactorsaxedefinedina s~lsr way. Letitbe supposed
thatmeasurementswithsuitableinstrumentswouldshowsteadyvariations
in speedanddirectionfrompointtopointat a givensectionof a stream.
Ifa screenisplacedupstreamfromthissectionandthevariationsare
reduced,thereductionfactorisagaintheratioof thereducedvariation

. totheinitialvariation.In thiscaseit is convenienttousethe
followingdefinitions:

. fl

fz

and fv
referred

(a)

(b)

(c)

reductionfactorforspatialvariationsinmeanspeed

reductionfactorforspatialvariationsinmeandirection

severaltheoreticaldampingformulasfor fl, fa> fu~
areEnmmarizedas follows.Forderivationsthereaderis
to theoriginalpapers.

Prandtl(reference1)

1fl=—
l+K

Collar(reference2)

DrydenandSchubauer(referencek)

(11)

(12)

(13)‘u’=7!%?
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where fuv signifiesthatthetheorydoesnotdistinguishbetweenthe
damping05--ufand v’. Thetheoryisassumedtoapplyto thedamping
ofturbulentenergyirrespectiveof thedistributionof thisenergy
betweenlongitudinalandlateralcomponents.

(d)Taylorand13atchelor(reference3)

fl= l+ CL-UK
l+a+K (14)

f2=a (u}

Itwillbenotedthatformula(14)reducesto formula(11)
when a = O andto fomula(12)when a = 1. ThePrandtlandCollar
formulasarethusspecialcasesofthemoregeneralformulaofTaylor
andBatchelor.Forscreenswovenfromroundwiressuchspecial
casesareprobablyassociatedonlywithextremelyhighandextremely
lowsolidity.

Forisotropicturbulence

fu2= (l+a- 0K)2+ 24
(1+ CL+K)2-4 +

(l+a - @2 - ~2 3

(
~(1-72)l+nQ10g 7-l

)
(16)

(l+a+K)2-k 2? q+l

where

(2= (l+a - @2

(l+a - aK)2- 4a2

~2 = (1+ a + K)2 ‘--

(l+a+K)2-4
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& and

. fv2=
[

~2+L(l+a.@2-
8 (1 + a + K)2fu2]

11

(17)

8ame
TaylorandBatchelorpointoutthatformula(16) givesaboutthe
nmnericalresultsas formula(14)andthatthesaneistrueof

formulas(17) and(15).

Theforegoingfor.ulasapplyto dempingby a singlescreenwith
coefficientsK and a. Whenseveralscreensareusedin series,
endthereis sufficientspacebetweenthemforthemtoactindependently,
thereductionfactorappliesto eachscreenseparately.However,the
theoryofTaylorandBatchelorleadingto formulas(16) and(17)is
basedon isotropicturbulenceapproachingthescreenand,accordingto
thetheory,theturbulencewillnotbe isotropicforthesecondandsuc-
cessivescreensunlessthereisa returnto isotropy.Fora theoretical
treatmentoftheeffectofmorethanonescreenthereaderisreferred
to reference3.

MEASUNWENTSOFTURBULENCEANDIAMPING

Thepresentworkdifferedfromthatof 1940in thatthedamping
screensunderinvestigationwereplacedinthe19-foot-longtest
sectionof thet~el showninfigure1 ratherthaninthesettling
chaiber.!lherewereat alltimessixdsmpingscreensinthesettling
chsmberaspermanentequipment,anditwaspossibleto studythe
behaviorof screenswithan incidentturbulenceaslowas 0.02percent.
Sincethiswasmuchtoolowfordampingtests,a squsre-meshgrid
consistingof 0.2-inch-dismeterrodsspaced1 inchapartwasplaced
attheextremeupstresmendof thetestsection.Measurementsof the
longitudinalandlateralcomponentsoftheturbulenceweremadeat
variousdistancesdownstremfromthegridthroughthepositiontobe
occupiedby a dsmpingscreen.Themeasurementsweremadewiththe
hot-wireturbulence-measuringequipmentdescribedinreference6. A
platinumwire0.0002inchindiameterandnotoverO.11inchlong
wasusedinthemeasurementof u!, anda pairof suchwiresinthe
forkof an X wasusedinthemeasurementof v’. Thewirelength
washelddowntoabout0.1inchto avoidthenecessityforwire-length
corrections.

Thescreenundertestcompletelyspannedthetunnel120inches
fromthegrid,andmeasurementsof u’ and v’ wererepeatedat
variousdistancesdownstreamfromthescreen.Theresultwasa set
of decsycurvesforscreenabsentsndscreenpresent.Threesuchsets
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areshowninfigures5, 6, and7. Thethreecurveswithoutpointsin
eachof’thefigures,solidupstreamfromthescreensandbrokendown-
stream,showthetmbulenceforscreenabsentasa functionof distance
fromthegridat threewindspeeds.Thesolidcurveswithexperimental
pointsrepresentthemeasurementsdownstreamfromthescreen.Setsof
curveslikethoseh figure5 for u’/U andlikethoseinfigure6
for v’/U wereusedtcrdeterminethedampingof screensmarked“normal”
intable1. Figure7 issmexampleof “abnormal”performance.

Innormalperformancetheturbulenceresultingfromtheeddies
shedby thescreensfelloffrapidlyandsmoothly,andtherewasalw~s
somelowspeedbelowwhicheddiesceasedto form.Abnormalperformance
wascharacterizedby a risein u’ withdistancetohighlevels
followedbya gradualfallingoff. Thisabnormalityw alw~s absent
in vt anddisappearedalmostcompletelywithlowincidentturbulence}
as shownby thecurvesmarked“nogrid”atthebottomoffigure7. It
wasthoughtat firstthatthisbehaviorwasassociatedwithhighscreen
solidity,butthiswasnotborneoutconsistently.Itwillbe noted
intable1 thatabnormalityappearsratherto accompanythesmaller
poresizes.However,thedegreeof abnormalitywasnotreproducible
indifferentssmplesof’thesamescreenandwasassociated,to some
extent,withslightbendssuchasmightbe causedby roughhandling.
The7&meshsilkboltingclothwastheworstof-thelot,andherethere
wasevidenceof slightirregularitiesinthreadspacing.Ita~ears
thatnonuniformi~wasa contributingfactor,butthenatureof the
effectis stillunexplained.Oneguessisthatsomegrossvelocity
pattern,eitherfromirregularitiesinthescreenora coalescingof
Jetsfromthepores,isagitatedlaterally’bytheincidentturbulence
causinglargelongitudinalfluctuations.

Onlyscreensshowingnormalperfomsncecouldbe regardedas
effectivedampersofturbulence,andonlythesewereusedto determine
reductionfactors.Evenwithnormalperformancethetaskofevaluating
thedampingwascomplicatedlythefine-scaleturbulenceproducedby
thescreenitself’.However,as showninfigures5 and6, thisturbu-
lencedisappearedwhenthespeedwassufficientlylow. On further
investigationitwasroundthateachscreenhada sharpJydefined
criticalReynoldsnuniberbelowwhichno eddieswereshed.Screen
turbulencecouldthereforebe avoidedbyworkingbelowthiscriticsl
Reynoldsnumber.Thecharacteristicbehaviorof-ascreenaboveand
belowthecriticalReynoldsrumiberis showninfigure8. Therewere,
however,twodifficultiesatlowspeedsthatmadeitadvisablenot
to dependsolelyon themeasurementsbelowthecriticalReyuoldsnuniber.
Therewasfirsta markedReynoldsnunhereffecton thegrid,causing
theturbulenceincidenttothescreentodecreasesharplyasthespeed
decreasedand,second,thedeterminationof screenparameterswas
lesscertainat thelowerspeeds.

.

.
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Reductionfactorswerethereforedeterminedbothaboveandbelow
thecriticalReynoldsnunher.Inbothcasesitwasdesiredtoobtain
thereductionresultingfromthescreen,notthatresultingfrom
decay.Measurementsshowedthattheinfluenceofthescreenbegsn
from1/2to1 inchupstream.Sinceonlyaboutone-halfof thefinal
reductionwasobservedontheupstreamside,theeffectprobably
extendedaboutthesamedistancedownstream;butdirectobservationof
theextentwasimpossiblebecauseof interferencefromthewakesof
thewiresofthescreen.BelowthecriticalReynoldsnumber,reduction
factorscouldbedeterminedlycomparingthemeasuredturbulencejust
beyondthezoneof influencewiththatexistingintheabsenceof
thescreenat thesamepetit.AbovethecriticalReynoldsnuniberthe
turbulencecomingthroughwasmixedwithscreenturbulence,endthe
procedureadoptedtoob+aintheappropriatevaluenearthescreenwas
tousethedecaylawthatwouldexistintheabsenceof screenturbulence
to extrapolatebacktothescreenfromsome”pointfarouton thecurve.
Thisinvolveda knowledgeof thescaleoftheturbulenceandthe
assumptionthatsomeportionof thecurvefarfromthescreenwas
essentiallyunaffectedby screenturbulence.By regardinga screen
asa griditwasfairlyevidentthattheassumptionwasvalid
beyond40 inchesforallof thescreens.Scalemeasurementsverifying
thisassumptionarediscussedinthenextsection..

Thereductionfactorsso determinedareshownin figures9 and10.
Thetheoreticalreductionfactorsgivenby fozmulas(13), (16), and(17).
areshownby thecurves,withequation(10) furnishing therelation
betweena and K. By referringthepositionof thepointsto the
curvecommontobothfigures,nsmelythel/tiiK~curve,itwillbe
seenthatthedifferencebetweenthereductionin u’/U and v’/U is
scsrcelyoutsidetheexperimentalscatter.It isevidentthat l~q~
isinbetteragreementwiththeobsenedreductionfactorsfor u’/u
thanfornnila(16). Asforthelateralcamponentshowninfigure10,it
isdifficulttomakea distinctionbetweentheagreementforthetwo
theories.Thepointsconnectedby arrowsshowthetrendswithincreasi~
Reynoldsnuniberoccurringinallcaseswhenobservationsweretakenat
differentReynoldsnuuibersfromwellbelowup tothecriticalvalue.No
suchtrendswerenoted~ove thecriticalReynoldsnumber.

Thegenerelconclusiontobe drawnfromtheforegoingresultsis
thattheshupledampinglaw l/~’ stamdsinbestover-allagreement
withtheobservations.Thisconfirmstheresultsofthe1940work
giveninreference4. However,thederivationof thislawinvolves
assumptionsthatnowseemunjustifiable.Forexsmple,itmustbe
assumedthatallof thereductiontakesplaceon theupstreamside

. ofthescreen.Measurementsupstresmfroma screenshowedthatabout
one-halfof thereductiontakesplacethere.Furthermore,it is
difficultto seehowthelawcanapplyto v’. Itnowa~earsthat.
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theeffect on v’ ismorelogicallygivenby the
equation(17),andonlyhappenstoagreewiththe
oftherelationa = l.1/~~K (equation(10)}.

ETFEC!TOFSCREENSONSCALE

NACATN 2001

Taylor-Batchelorlaw,—.
l~fi+K-lawbecause

Oneofithecommonlyusedscalesisknownastheintegralscale,
definedby

pal

‘IIY=JORY@

where

~
Ry. —

U1’U2’

~ beingthemeanproductiufithelongitudinalfluctuationsat
points1 and2 separatedby a lateraldistancey, and U1’
and U2‘ beingtheroot-mean-squarevalues of U1 and U2. Inthe
decayo~sotropicturbulencethereisan increaseinscaleaccompanying
thedecreaseinintensi~.Todeterminewhethertherewasalsoa change-
inscalewhenturbulencewasdampedby a screen,‘Y wasmeasuredas a
functionof y ata distanceofiainchesdownstreamfromeachof two
differentscreensbelowthecriticalReynoldsnuniberandagainwithout
screensat twowindspeeds.Theresultsareshowninfigure11.
Clearlytherewasnoeffectbigenoughtc-bedetected.Thescale~
remainedequalto 0.41 inchinallcases,eventhoughtheintensity
wasreducedby a factorof0.45inonecase.

Whenthevelocitywasincreasedto exceedthecriticalReynolds
number,thescalebecsmeverysmellindicatingthepresenceof small-
scaleturbulencefromthescreen.However,measurementsmadeata
distanceof47 inchesfromthescreensshowedthatthescalehad
returnedto itsoriginalvalue.

TheabBenceof changein ~ meansthatdampinghasreducedthe
energyofallfrequencieso&theu-componentoftheturbulenceby the
samefactor.Thisfollowsfromtheknownrelationbetweenscaleand

.

.
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spectruminisotropicturbulence(reference7). However,thescale
doesnotafforda sensitivetest,andthepresentresultshouldhe
regardedonlyasa qualitativeindicationthatdampingisnot
selectiveofanyparticularfrequency.

CRITICALREYNOLDSNUMBERANDPRODIKXPIONOFEDDIES

Byplachg a veryshorthotwire(lengthabout0.05in.)
within1 inchofa screenitwaseasytoobservetheperiodic
sheddingof eddiesfroma screen.Whentheincidentturbulence
wasdownto a fewhundredthsof1 percent,theeddiesproducedan
almostpurelysinusoidalwaveonthescreenofa cathode-ray
oscillograph.UndertheseconditionsthecriticalReynoldsnuniber
forthebeginningofeddysheddingcouldbedeterminedwithhigh
accuracyby slowlyraisingtheairspeedandobservingthesudden
appearanceof eddies.Aftertheinitial.a~earanceofeddies,it
waspossibleto observea definitefrequencyrelatedtothespeed.
Forcertainlateralpositionsofthewireitwaspossibleto find
halfor doublethisfrequency,buttherewasalwaysonemost
prominentfrequency.Thisisgiveninfigure12 intermsofthe
frequencynuniberrid/Uwhere n isfrequencyin cyclespersecond.
Thenurtibersoneachcurverepresentthesolidi@of thescreen.Each
curvebeginsat thecriticalReynolds?nuiberandendswheredistortion
of thepatternpreventedaccuratemeasurementof frequency.

ThecriticalReynoldsntierswerefoundtobe a functionof the
solidityas showninfigure13. Thesewereshownalsotobe the
Reynoldsnunibersfortheinitialproductionofturbulenceby observing
theinitialincreasein u! at distancesof100meshlengthsormore
downstream.ItwasfoundinadditionthatthecriticalReynolds
nuniberswereunchangedwhentheincidentturbulencewasraisedtothe
levelusedindampingmeasurements.Themeanvaluesof thecritic~
Reynoldsnuniberfoundforeachscreenad thecorrespondingcritical
speedsaregivenintable2.

Thereappearstobe no connectionbetweentheseresultsand
thosefora singlecylinder,noristhereanyapparenttrendtoward
thecharacteristicsofa singlecylinderwithdecreasingsolidity.
Itappearsthereforethata wovensquaremeshofwireshasunique
characteristicsdetezmdnedby itsconfiguration.

.

.
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DAMPINGOFMEAN-SPEEDVARIATIONS

Investigationsofthedampingof steadyspatialspeedvariations
weremadebyCollar(reference2)andMacPhail(reference8),andboth
concludedfairagreementwithformula(12).TaylorandBatchelor,
usingthesesameexperimentalresults,found.betteragreementwith
formula(14).

Inconsideringa reinvestigationofthisproblem,itwasnoted
thatbothCollarandllacphaildealtwiththelargespeedvariations
foundinthewakesof-flatstripsandcornervanes,andtheseappeared
tobe ratherlargeto testtheoriesinwhichthedisturbanceswere
assumedtobe small.Accordingly,an effortwasmadeto setup
smallervariationsandto t~ differentamplitudesanddifferent–-
lateraldistributions.Forthispurposescreensweremadeupwith
stripsof alternatehighandlowsolidity,as indicatedbyfigure2(b).
ThesewereplacedintestapparatusB at sectionB (fig.2(d)),andthe
assemblywasconnectedtotheblowerandductsystem.Foursuchscreens
wereusedtoobtainfourdifferentdistributions,threeofthescreens
havingstrips1 inchwideandthefourthhavingstrips3 incheswide.

Thetestprocedurewasto determinetheflowdistributionsby
traversinginplanesperpendicularto thestripsatvariousdistances
downstreamwitha smallpitot-statictube. Thistubereaddynsmic
pressuretowithin2 percentup to anglesof attackof20°. The
dampingscreentobe testedwasthenplacedto spantheductat
sectionA (fig.2(d)),9 inchesdownstreamfromthenonuniformscreen,
andtheflowdistributionswereagaindetermined.Samplesofthe
distributionsareshowninfigure14. Onthegraphsof figure14
solidlinesrepresentthedatatakenwithoutthedsmpingscreens,
andtheplottedpointsindicatethedistributionsafterthedamping
screenwasplacedinposition.Allmeasurementsweremadeata mean
speedof25 feetpersecond.

Theamplitudewasdefinedastheaveragedeviationfrom u/fi = 1
andwasdeterminedinallcasesby findingareasundera representative
numberofloopsnearthestreamcenterline,bothaboveandbelowthe
mean-velocityline,anddividingby thessmenumberofhalfwave
lengths.IncaseswhentheamplitudewassmQl ortheK-valueof-the
screenwaslarge,randomirregularitiessuperposeduponthebasicwave
gaveriseto difficultiesindeterminingamplitude.Therewerein
factsomecaseswherenotraceoftheoriginalwavecouldbefoundby
inspection,yetbymeasuringareasforintervalscorrespondingtohalf
wavelengthsitwaspossibleinmostcasesto findtheremnantofthe
originalwave. Therewasevidencethat-someof therandomvariations
mayhavebeenintroducedby thedsmpingscreen.However,themethod

.

.

●
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offindingamplitudesshouldeliminateallbutthecomponentof rsndom
variationshavingthesamewavelengthas thebasicwave,andtheerror
fromrandomvariationssho~dbe small.

Theamplitudes,inpercentageofmeanveloci@,areplottedin
figure15 asa functionof distancefromthesource.Thecurveswhich
aredrawnas solidlinesupstreamfromthedampingscreensndcontinued
asbrokenlinesdownstreamshowthedec~ withdsmpingscreenabsent.
Allothercurvesshowtheamplitudeswiththedampingscreenpresent.

Thepurposeof theseandshilarcurveswasto eliminatethe
naturaldecayinfindingthereductionproducedby thedsmpingscreen.
Indoingthisa regionof influenceofthescreenhadtobe takeninto
account.Figure15(d)showshowthescreenreducesamplitudesupstream
andcontinuestodo sodownstream.Theregionthroughwhichtheinflu-
enceofthescreenwasfeltextendedbothupstreamanddownstreamfor
a distanceof about1 wavelength.Withinthisregion,silk-fiber
directionindicatorsshowedthehigh-velocityportionsofthestream
tobe fanningout. Alsowithinthisregion,andonlywithinthis
region,thestaticpressuxewasfoundtobe aboveaverageinregions
ofhighvelocityandbelowaverageinregionsoflowvelocityon the
upstreamsideofthescreen,andthereverseonthedownstreamside.

. Thesephenomenaareevidenceof a diffusingactionnotunlikethat
shownforscreensin diffusersinreference9.

. Recognizingthattheeffectof a screenisnotconfinedto its
plsne,theprocedureadoptedwasto determinea curveof naturaldecay
froma compositeplotofalldecsycurves.Thiscurvewasthenused
toextrapolatetheindividualcurves,as ill.ustratedbythebroken
linesbranchingfromthesolidlinesbacktotheplaneof thescreen
infigure15(d).Thereductionby thescreenwasthenregardedto
be thestep-downat thescreenfromtheuppermostbrokencurve(screen
absent)to my oneof thelowerbrokencurves.

Thereductionfactorssodeterminedareshownplottedinfigure16
alongwiththetheoreticalcurvesofPrandtl,Collar,andTaylor
andBatchelor,equation(10)beingusedto expressa in termsof K.
Thepossibilityoferrorcausedbyrudom variationsisgreaterfor
highvaluesof K thanforlowvaluesandalsogreaterforthelower
amplitudes,suchas distribution111,thanfortheothers.Regardless
ofpossibleerrorsinmagnitude,thevaluesat K = 3.7 aredefinitely
negative.On thewhole,theexperimentisbelievedto confirmthe
Taylor-Batchelortheoryaboutaswellascanbe expected.

Itmaybe notedthatnopointsaregivenfor K above3.7. The
●

reasonforthisisthattherandomspeedvariationsputinby the
dsmpingscreenitselfbecametootroublesomeat thehighervalues.

. ScreenJ, havingvaluesof K from11to 19, putinrandomVariations
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somuchlargerthanthoseupstreamthatitwasmuchbetterasa producer
ofdisturbancesthanas a damper.Fardownstreamfromscreenswith
a K-valueabove3.7therandomvariationsgavewaytoa regionof
highvelocityinthecentralportionof thestream.

CONCLUSIONS

Froman investigationor-theeffectsof dampingscreensandtheir
perfomnanceinobliqueflow,thefollowingconclusionsweredrawn:

1. A sufficientamountof informationwasobtainedonnormal-
and.tangential-forcecoefficientsof square-meshscreenswoven from
roundwirestopredictpressuredropandstreamdeflectionforangles
of incidenceup to450andsolidltiesup to0.79. It isbelievedthat
thisinformationwillbe useful,notonlyfor damping applications,but
forotherapplicationsaswell.

2.Whena streamapproachesa screenwiththevelocityU at
theangle f3 anctleavesattheangle~, tiepressuredropisa
functionof u Cose. Inotherwords,thepressuredropunderthese
conditionsisdeterminedby thenormalcomponentoftheapproach
velocity.No informationwasobtainedfor 13greaterthan45°.

3. Thedampingresults,whichareingeneralagreementwiththose
obtainedin1940,showthata screenreducesu’ and v’ (root-mean-
squarevaluesoflongitudinalandlateralturbulencefluctuations,
respectively)by closelythesamefactorandthatthisfactorisgiven
by l/ti= (K beingthepressure-dropcoefficient-when6 = 0)
whentheReynoldsnuniberofthescreenIsequalto,orabove,the..
criticalvaluefortheinitialshedd~ti eddiesby thescreen.
“BelowthecriticslReynoldsnunberthefactorbecomesprogressively
less(greaterreduction)astheReynoldsnumberisreduced.

4. Thereductionfactorfor v’ shouldlogicallyobeythe
Taylor-Batchelorlaw,andprobablyonlyappeagtobe given
by l/I/~k becausea = l.1/~~.

5. Thescaleofturbulenceisunchangedbya dampingscreen.

.

.

6. Everyscreenhasswell.-definedReynoldsnuniberabovewhich
eddiesareshed. ThisReynoldsnwiberdependsonthesolidityof the
screen.

●

.

●
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.

7. The eddiesproducedby a dampingscreenrestitinturbulence
of smallscalewhichdecsysrapidlyinthefirstfewfeet. However,
therateof decaybecomeslowata turbulencelevelaround0.1percent,
andlongdistancesarerequiredifthescreenitselfisnotto seta
lowerlimitoftheorderof 0.1percent.Obviously,a screenshould
be followedby a contractionof thestresmto increasethemeanspeed
andsodecreasethepercentagevalueoftheturbulence.Whenever
possiblethecrosssectionof thestreamatthescreenshoul.dbe
sufficientlylargeto operatethescreenbelowthecriticalReynolds
nuuiber. Thiswouldappearespeciallydesirablein smallwindtunnels
wheredistancesfordecayaresmall.

8. Undercertainconditions,whicharenotcompletdyunderstood,
a screenmsyproduceabnormallyhighandslowlydecayinglongitudinal
fluctuations.Tldsconditionmustbe avoidedifthescreenistobe
aneffectivedsmperofturbulence.

9. As a generalobservation,basedontheperformanceof damping
screensthroughouttheseexperiments,screensofhigh K areless
satisfactoryas dampersthanscreensoflow K. Thisapyliesbothto
turbulenceandspatialvariations.As alsoobservedinprevious
studies,itappearspreferableto obtaina givenreductionby using
severalscreensof low K in seriesratherthanby usinga single
screenofhigh K.

10.Theobserveddampingof steadyspatialvariationstendsto
confirmtheTaylor-Batchelortheorysadisinbetteragreementwith
thattheorythanistheobserveddampingof turbulence.

. .

NationalBureauofStudards
Washington,D. C.,January28,1949

.
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TASLE1.-SCREENS

Screen
designation

~a

B

c

D

E

F

G

H

LJ

~b

Wires
per
inch

4

24

20

40

50

54

>0 by 60

jo by 60

L-40

74

Wire
M.ameter
(in.)

0.025

.0075

.0170

.007

.0055

.0055

.007

.007

.0135

c.005

Poresize
(in.)

0.225

.0342

.0330

.0180

.0145

.0130

.0130by .0097

.0130by .0097

.0115

‘Dampingresultsnotincluded..
%ilk clothmsaufacturedforboltingflour.
‘Thread.

3olidity

0.190

.328

.564

.481

.474

.505

.623

.623

●W

.603

21

Performancein
turbulencetest

Normal

Do.

Do.

Do.

Abnormal

Do.

Notused

Do.

Do.

Abnormal-1 -
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TKBIE2.- ME~ CRITICALREKNOLOSNUMBERSANDCORRESPONDING

CRITICALSPEEDS

Screen
Wires Critical
per Reynolds Criticalspeed~

designation inch numbers (fps)

A 4 66 4.8

B 24 55 13.2

c 20 32.5 ““ 3*4

D 40 4.6 U.*9

E 50 46 15.1

F 54 44 14.4

lForairat15°C, 76omm ~.

.

.
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Figure l.- Elevationviewof4 ~ -footwindtunnel.
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